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A shutter, consisting of a switchable mirror, is used to provide a step-
function irradiance, and remains open through the ignition event. Igni-
tion is determined by the first light emission, which is measured by an
EMI 7656 photomultiplier the output of which is recorded by a visicorder.

At the onset of flaming, a step-function like output of the photomulti-
plier is observed. This output is used as unainbigious determination of

the ignition event. In tests to date, n-decane was used as the liquid

fuel and air as the environmental gas.

The experimental chamber is 34 cm inside diameter with 40 cm length as

shown in Fig. 3. The chamber is mounted on bearings and can be rotated

90 degrees by a warm gear. The incident angle of the laser beam is

varied by using two mirrors and by the rotation of the chamber as shown
in Fig. 1. After each ignition test, the gas in the chamber is evacuated

by a vacuum pump.

The setup for the measurement of total surface reflectance at various —

incident angles is being prepared. A schematic illustration of the

apparatus is shown in Fig. 4. An ellipsoidal mirror, 31.1 cm in dia-

meter and 9.2 cm high, is the principal feature of the design. Its

focal points are located about 9.2 cm and 51.8 cm from the apex, and

it has a linear magnification factor of about 5.7. The laser beam

(‘
~ 
5mW) from a CO2 laser is modulated and irradiates the sample sur- • -

face at the first focal point of the elli psoid through a small hole

in the ellipsoidal mirror. A pyroelectric detector, 1.0 cm diameter, - •

is used to measure the reflected laser beam from the sample. At

• present, the calibration of the system is in progress.

3. Experimental Results and Discussion

The first series of experiments were conducted to find a container

size which did not affect ignition delay time under various experi-

mental conditions. The effect of the depth of the container on

ignition delay time was studied with 5 cm diameter container under

2
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the vertical radiation mode (incident angle e = 90°). The depth of

the container was varied from 1.2 cm to 34 cm. Results are shown in

Fig. 5, which indicate little effect of depth on ignition delay time

except extremely shallow case. The same conclusion was also derived

from experiments conducted at lower incident flux.

Similarly, the effect of the diameter of the container on ignition
delay time was studied with 5 cm depth container at 0 = 90° at two

different incident radiant fluxes. The diameter of the container was

varied from 2.5 cm to 10 cm. Results are shown in Fig. 6a at the in-

• cident radiant flux lo = 4160 w/cm2 and in Fig. 6b at lo = 1670 w/cin2.

At high flux, there is no effect by the diameter of the container on

• ignition delay time, but, at low flux, ignition delay time becomes

significantly longer for the container whose diameter is less than

4 cm. Apparently, there are some heat losses to the container wall,

which delay the ignition. From these results, a container of 6 cm —

diameter and 5 cm depth was selected and used for all experiments
described in this report. The container is fastened onto the support

plate which is mounted on the chamber wall. When the chamber rotates,

the support plate tilts and the axis of the container is along the
incident laser beam. To make the container top parallel to the

horizontal decane surface, the top of the container is cut to be
horizontal when it tilts.

During the ignition period, bursting sounds, similar to that when water
droplets are dropped onto a heated plate, are clearly heard. This in-

• dicates the rapid boiling of decane after laser irradiates it. However,

decane droplets were not observed outside of the container after the
• experiment except for extremely low incident radiant fluxes. Apparently,

a large volume of decane is heated during the long ingition delay at

the low radiant flux and more decane boils off. Under this condition,

ignition was associated with a puff sound and the size of flame iminedi-

ately after ignition seemed larger than that at high incident radiant

flux.

3
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High speed direct motion pictures (1500 fraines/sec) were taken to

observe the onset of ignition sample frames are shown in Fig. 7.

They show the onset of flaming in the gas phase far above the decane
surface the rapid flame spread toward the surface. Since boiling

temperature of decane is 174°C, the gas phase temperature near the
surface could go up to this temperature by conduction/convection from
the decane surface. This is too low to initiate the gas phase chemical
reaction and to attain a runaway condition. For this reason, it is
postulated that the absorption of the incident laser energy by the
vapor in the gas phase would be the key heating process to initiate
the chemical reaction. This is confirmed by the ignition of vapor

from decane heated by an electrical hot plate by passing the laser
• beam through the vapor parallel to but above the liquid decane sur-

face. Therefore, the ignition mechanism of decane by high intensity

radiation appears to be the absorption of the incident radiant energy

by its vapor plume.

The relationship between the ignition delay time and the incident
radiant flux were studied with various incident angles and results

are shown in Figs. 8a, b, c, d. Roughly, above 2500 w/cm2 , ignition

delay time increases significantly with a decrease in flux. There is

a peculiar trend where ignition delay time tends to increase with in-

cident radiant flux at high flux. This was observed at all four

incident angles studied in this work. It is not clear what mechanism

causes this trend. Different phenomena might occur, such as changes in

• boiling of decane or in the development of the vapor plume at high radi-
ant flux. Therefore, it is planned to take high speed photographs to

• observe the behavior of the decane surface and to take high speed

shadowgraph pictures to observe the development of the plume.

Fig. 8a, b, c, and d show little difference in the relationship between

e = 90° and 0 a 75~~ However, at 0 60° and 0 = 45°, the minimum in-

cident radiant flux, 1nii~ ’ 
for ignition increases with a decrease in

the incident angle. At e 60°, ‘mm 
= 1400 w/cm2 and at 0 a 45°~

tmin 1800 w/cm2 compared to 1000 w/cm2 for 0 =75° and 900 .

4
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The difference between 0 60 and 0 = 900 or 0 = 75° is found only near
the ignitable boundary; otherwise there is little difference between

them. However, the relationship at 0 = 45 0 differs signifi cantly from
other angles. Ignition delay time becomes longer over a wide range of

the incident radiant flux. This trend can be explained by two reasons:

(1) the interaction between the vapor plume and the incident laser becomes

less with the shallow incident angle. Since the ignition is believed to

be caused by the absorption of the incident laser beam by the vapor plume,

less interaction should increase ignition delay time. If this mechanism

is correct, the minimum incident radiant flux for ignition will increase
with a decrease in the incident angle. (2) The surface reflectance of

• the incident laser beam could increase with a decrease in the incident

angle because of the increase in specular reflection. This reduces the

amount of energy absorbed into decane and increases the ignition delay

time and the minimum incident radiant flux for ignition. At present,

without the results of reflectance measurements, it is not clear which
mechanism controls the effect of the incident angle on ignition delay

time. To extend the incident angle further, the relationship will be

studied at 30° in the near future.

The results in Fig. 8a are converted into the log-log plot to find any

characteristic relationship between the ignition delay time and the

incident radiant flux. The plot is shown in Fig. 9. The important

characteristic of this relationship is that it is non-linear in the

• log-log relation. A similar characteristic is also found for other

incident angles. It indicates that there is more than one controlling

• process occuring as incident radiant flux is varied. One of the con-

trolling processes might be the motion in decane caused by byoyancy. • -

The characteristic frequency of the fundamental mode of the internal
wave caused by buoyancy is calculated as follows: Let $ be velocity

potential, z the axial coordinate and r the radial coordinate.5
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FIGURES

• Fig. 1 Schematic illustration of experimental apparatus.

Fig. 2 Picture of overall experimental apparatus.
A-CO2 laser, B-Mirror, C-Mirror D-Chamber, E-Safety Shield.

Fig. 3 Picture of Chamber.
• A-photomultiplier, B-Chamber, C-Chamber rotation warm gear.

Fig. 4 Schematic illustration of apparatus to measure total reflectance.

Fig. 5 The effect of the container depth on ignition delay time.

Fig. 6a, 6b. The effect of the container diameter on ignition delay time.

Fig. 7 High speed pictures of the onset of ignition followed by flame
propagation. 1500 frames/sec. 1~ = 1900 W/cm

2, 0 = 60°.

Fig. 8 The relationship between the ignition delay time and the in-
• cident radiant flux. (a) 0 = 90°, (b) 0 = 75°, (c) 0 = 60°

Cd) 0 = 45°.

Fig. 9 The log-log relationship between the ignition delay time and —

the incident radiant flux at 0 = 90°.

Fig. 10 Timewise change in photomultiplier output at 10= 4000 w/cm
2.

(a) 0 = 90°, D = 5cm, (b) 0 = 90°, D = 10cm, Cc) 0 = 45°, D = 5cm.

Fig. 11 Spectra of linear absorbance of decane.
(a) cell only, (b) 2. = 0.1, Cc) 2. = 0.25, (d) 2. = 0.5,
(e) 2. = 0.75 and (f) I. = 1.0mm.

12

.1



-I • 
-

~~~~~~~ 

-

LiJ

= .
~~~• =c.a

~~,x ~~—~
---- —

.-
~~~~‘ , ‘— .

~~~~

= V. V —

• D~ /
III __

• I
I

• —.——I- .-------—----—--— .—~~~~~ / I I—I ..-7~~~J _
1_ —.

_ 
.~~

••
~~i C.)

.— --‘ ~~0~~~~~~~’

• —
-•-- ~~~~~0~ /

..
~~~~~ 

._- \,  /
-‘

p 

/

-
‘p

,
—

p /

J 

___

~~~~~~~~~~~~~~~~ Li

IJJ

c..1

c.a

4
U.

• ~~~~• •-— ~~~~~~~~~~~~~~~~~~~~~ — — . ‘~~._-~• -——- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



rm. -~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ -—- — 
.-•-•—.•— — — —• — .— —- •-•

~~ -•— — — —•-—. -• -—- — • — • - 

•: 
• — -_________________________

• -,/
~ ~~

-
~ —~r-~

.-
~~~~ I -

~~ ~~~i~~~~~r‘
~~‘
)JJ)

~ii)))))))) ))))) ~~~~~~~~~~~~~~~~

a

a,-

- , • 
. • 

-

?~~ 
•
~~~~~~~ 

. 
• 

- 
••.B 

~ ~~
a.

C . .  ~~~-:

1- •;;.~
- 

~
_

i•~
_’
~•

•* •

~~~
•

L
.j:~~

• 
~~

~~
• .3~*

•
-

S

D

0 - .

Figure 2



_ _ _ _ _ _ _ _  --  •

S.

A

- B

/

)

- C

t~~~~~~~~~~~~~

.

— r _
~~~~~~

-p.

I-

* 
,
~~

. 
Figure 3 

~~ --~~~~~~~~~- --—- - - - -  .-.---- -



— 
-.-.- —,-—-- ,.—_. ~~~~-- - ,.-‘--_--—-- .--- -. —•--- —

~
—

~~~--•.•.- ~~~
—

~~~~~~~~~~ N
IaJ

/ N/ N
I

C.)
N

C-,
~ I_J IJ

/
/

/V 7
/

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

La.

0~
=

a

I
•~~~~~~~~~~~~~~~~~~~~ • —

~~~-~~~~~• -•- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -



~

—-

~~~~ 

- -

~~~~~

-

. 

-

-~~~~~~~~~

C%1
E
U

-~~~~~~~~~

+1 ..

II

LU

.

-~~~~~~~~~

(30SwJ 3V111 AV13O NOIIINOI

sI~

I-
•~~~~~~~~~~~~~ • ~~~~~~~~~~ • --~~~

• - -
~~~~~~



H 
- j :

I— . S

(3OSW ) 3W11 AV13O NOWN9I

‘.0

I 
•~~ ------ - 

-- •- - - •~a~~~~-~ -.-.* ,--/~-:_•.__ 



0.4 -

= 1670 ± 80 w/cm2

DEPTH:5cm

0.3 -

a,
• U)

• E
LU

S
>- n~~~

_
S S

.a

S
I-

CD

0.1 -

0 I 1

0 2 4 6 8 10
DIAMETER (cm)

Figure 6b

L~. ~~~~~~~• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~ - ~~~~~~• ~~~~~~~~~~~~~~



—-~~~~ --—•- --•-—--- ,-- ---- - - •--—- ----•-. • -• --.•-•-• --•.—~~ • - - ~~—~~ --~----, —.-•- -- ...--—-‘.-- • - - — •- - - -  —•—---—- --

• 
.‘% 
• • 

4
~~~~•

- -
~~~~~ —~~~~~~~~ 

-
~~~

•~~~ • •
‘S

O - - , I..

S

I • — 
Is 
• • 

“S

0 

_
.

• • S S a S
0

~~i S S S S
• - LiJ

0
• S I— S S S

• 
-; I

• — -  I • 0 — S

11 S.
: 

0

V 0 
-

5- T 5 5 S S
- • • .IfO P ~€.- _ ..

S~ S S S
I— 0 ‘! ;

I • S S S
I -- I,.
• ... 0

5 5 0 -  5 S S
0 • .;-

• S S S S S
.4.% 0
.:.

I S _ • S S S
a—

I-
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 



- 480 —
INCIDENT ANGLE 90°

440 —

e = 9o°
400 -

360 — •

S

~~~320 —

UJ 280 -
I

I.— S

~~~240 -
La.i

z
2 200 - $
z
CD

160 — 1 ’t

•
“AILl)

S

S #• S
8 0 -  ~~~~~~

.9 ~~ I?S~~ s

40 —

0 I I I I I
1000 1400 1800 2200 2600 3000 3400 3800 4200 4600

INCIDENT RADIANT FLUX (W /cm2 J

Figure 8a 

-. _ _ _ _ _ _



480 —
INCIDENT ANGLE 15°

440 -
9 75°

400 - 1
360 —

S
.~~ 320 -

280 -
.S

‘U.

~ 240 —
—I
LU

~~~200 -

CD
160 — 5

0 •.
S

120 —
S

5 S

8 0 —  •:•
. . :S ••. (

S.

40 —

0 I I I I I
1000 1400 1800 2200 2600 3000 3400 3800 4200 4600

INCIDENT RADIANT FLUX (W/cm 2)

Figure 8b 
-

•~~ — _ -~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — ~~~~~~~~~~~~~~~~~~~~~~~~ ~~--
•
~~~~~~ -



-—— • 

~~~~~~~~~

——-- 

~~~~~~~

—

~~~

---_-••- 

~“~1

480 —
INCIDENT ANGLE 60°

440 —

400 — 
9=60°

360 —

~~~320 -
a,
U,

-
~~~~~~~~~~ .5

LU 280 -
I—

~ 240 —
S

LU

z S

2 200 -

- - 
S

S .

160 —
S S

S
S... ~120 —

S
.~~~ 

Sw,
SSS. . 

S
OA 55Qu _ S

S S
V

40 —

0 1 I I I
1000 1400 1800 2200 2600 3000 3400 3800 4200 4600

INCIDENT RADIANT FLUX (W/cm 2 )

Figure 8c 
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ ••.:~~~~



- ~~~~~~~~ - 
__ 

-
~~~-- —~~~~~~~~~~

480 —
INCIDENT ANGLE 45°

440 —

400 —

360 —

~~~320 -

w 280
I-

>-

~~~240 -
SLU 5

* • S.

~~~200 -
S

S
160 -

SS
•

S

• 120 — -

.s .
S

S~~~~~~ S
80 — . 5:..

:
.

40 —

0 I I I I I
1000 1400 1800 22-00 2600 3000 3400 3800 4200 4600

INCIDENT RADIANT FLUX (W/cm 2 J

Figure 8d

L.  —-- • •~~~~~~~~~~~ -~~
-=-

~ .- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~--- ----- -- - - - -~~ --—— --~---- - •,~~
-
~---~--_



S

800 — S INCIDENT ANGLE 90°

600 - . L
400 -

~~~ 300 —a,
U,
E
LU

~ 200 —
I-

S..$

-I• LU
S .
S..2 ~nn —‘vu

z .1_ S

~~ 8 0 -
-• 

6 0 -

50 —

40 —

30 —

20 I I I I I I I I
600 800 1000 2000 3000 4000 6000 8000

INCIDENT RADIANT FLUX (W/rn 2 )

Figure 9

~ 

~~~~~~~~~~~~~~~~~~~~~~~~ -



-~~ r -~~~~~~~~~~~~ ” ~
-.-----

0

0)

II

LLI-a
.
~~~

~~~~~

~~~~ul

C.,

Cl)

LaJ

0

I



-

-

-

~~~~~
—— -

~~~~~~

• -
- -

~~~~~~~~~~~~~~~~~~~~~~

--

~~~~~~~~

• 

~~~~~~~

-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

-

~~~~~

-- • - - -

~~~~~~~~

- 0

0)

II

H “I

I— C.~
H

~~ II

_ _ _  —- - • --- - ----—---- - - - - - - - ---- --- _-.-•--- ---- -—- .-



0
‘a,

II

.~a
GD

~~ C.)

~~~~~~ll

La.’

_ _

A I—

• C.,
- — Cl)

.

U
0 

- —~~~~ - -— ~~~- -- - - - - -~~~~~~~~~~ - - - - - • -~~~~~~~~~~~ • — -~ - — ~—~~--



— - 

- .±~i: 
-

~~~ 

- 

-‘~~
--‘-- -- ‘-- 

~~~~~~~~~~~~~~~~~~~~~~

I

WAV ELENGTH (Ii)
9 10 11 12 131.5 i i

1.2 —

LLI
C.) -

~~~~~~~~~~~~~~~~~~~~~
1200 1100 1000 900 800 100

WAVENUMBER (cm-i )

Figure 11 

~-~~~~ ---~ 



- -
~~~

- . - -

~~~~~~~~~~~~~~~
- - -

~~~~~~~~~~

-

~~~~ 
_____

SECU - ~~~~~~ THI5 PAGE (W~,.fl Date Entere d )

0 a~ I~ s I ~ i i iyA-r i flhJ O A r  R E A D  INSTR UC TIONS
urn s~ i s  I .‘-~I’ I ~~%J BEFORE COMPLETING FORM

: : ~ 
~~ ‘ra- 7 8 — 1 

~ 
8 1 1~ 

GOVT ACCESSIO N NO. 3 R EC I Pi E N T ’ S  C A T A L O G  N U M B E R

L L~~N I TI ON OF A Q U L D ~~ UEL UND ER h IGH &- 1 N T E R I M  ~-tp~I4~~
TITLE (wid Subtitle) __I 

~~ \YPE (t~~ Dr~~ T A DrQI(,fl tj~~~Qcr’.

I~~T E N S I T Y  ~ AD AT ION ~ May 77 - 30 AprI *78~
- 

— i- r.nsiu s erie. ii 

~~~~~~ ~~~~~~~KASH ~~~~~~~~~~~ L S HI W A GI  

~JJ 
_ _ _ _  

_ _ _ _-
• 

- 
9. PERFORMING ORGANIZATION NAME AND ADDRESS P OGRAM ELEME - OJECT TASK

• •  NAT 1ONAL BUREAU OF STANDAR DS ~ ~ 
ORK U

FIRE SCEINCE DIVIS ION • r

~

ASHINGTO N , D C 20234 61102F
It. CONTROLLING OFFICE NAME AND ADDRESS 7 ~~~~~REPORT DATE

A iR FORCE O F F I C E OF S C I EN T I F i C  R E S E A R C H / N  1 / 1978 _i
BLDG 410 ,L..~~ f O F  PAGES

BOLLENG A I R  FORCE BASE , D C  20332 31
14. MONITORING AGENCY NAME & ADDRESS(II dIfferen t fro ontrolling Office) IS . SECURITY CLASS. (of thu r•port )

/.12~ ~ U N C L A S S I F I E D
ISa . DECLASS1FICATl ON/ DOWNGRADING

16. DISTRIBUTION STATEMENT (of this Rapori)

Approved for public release; distribution unlimited .
I,.

17. DISTRIB UTION ST. 4ENT (of r - . abstract entered it, Block 20, If differen t from Report)

8. SUPPLEMENTARY LES

a 9. KEY WORDS (Continue on reverse side if necess ary end Identify by block number)

I G N I T I O N  -

R A D I A T I O N
L A S E R
N-DECANE

LU. ABSTRACT (ConiInue on reverse aide If necessary end Identify by block number)
l gn it ~on of n—decane in the incident flux range from 800 to 4000 w/cm 2 was studied experi-

m en tall y by usi ng a CO2 lase r .  Study of the effect of container size showed 6cm diameter
by 5cm depth sufficient . The effect on ignition of the incident ang le of the lase r beam with
respect to the decane surface was studied at 900 , 750 , 60° a nd 450 The relationshi p
betwe en the i gnition delay time and the incident radiant flux is almost the same for 900 and
750~ Reducing the indident angle to 450 , the i gnition delay time becomes longer and the

• m in imum incident flux for ignit ion increased si gnif icant l y .  The measured extinction coef—
icient of decane at wavenumber 946cm 1 is 16cm — i . The auto ignition mechanism of decane
uL&C07 laser is the absorDtion of the incident laser enerQv by the decane vanor n iume.
DD FORM 

~~~~~~~~1 JAN 73 ‘“‘ a IL~
j  I) J::~~ Q4L U N C L A S S I F I E D

7• J_.. (J ~
..J p~~~~~RITY CLASSIF ICATION OF THIS PAGE (When D e e  En .r.d )

-- -- —-- • —--.-----.- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ -- - -~—-~~TH


